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INTRODUCTION

At the Naval Air Propulsion Center (NAPC), the azcurate measurement

: of mass flow rates of fuel to a gas turbinc enginc 1is requircd to determine

' the performance characteristics of the engine. Over the past several years
o NAPC has been looking at various techniques to improve the methud of fuel
flow measurement. The objective was to provide » technique for calibrating
flowmeters for use in tests with extreme fueltemper..ures. At project
Initiation, the NAPC calibration facility consisted of several weigh=time
systems that required expensive fluild temperature conditioning for cold
calibrations. The weigh-time systems could not be run at high temperatures
due to their open system design, New fuels with high viscnsitieas, high
densities, andcorrosive characteristics increased the need for a renovation
of the NAPC flow measurement and calibration procedure.

f To document the improved procedure used at NAPC, some of the problem
‘ areas that were encountered, and to provide a reference for other users
of turbine flowmeters, it was decided to publish this report. It is the
intent of thisreport to provide methods required to make accurate measure-
: ments with turbine flowmeters. The report has been divided into specific
' gections. A section on flowmeter mechanics is included for those who are
new to turbine flowmeters. The section on response characteristics is
included for those interested in the dctalls and problems of flow measure-
ment. A sectlon on calibration techniques is included to provide reference
to scctions on data acquisition, and processing. The section on data
v acquisition covers acquicition from frequency counters as well as automatic
acqulsition and processing equipment as used at NAPC., A discussion of
. trade-offs of simplicity of measurement and the accuracy of the measure-
ment 1s included, Appendix A discusses the NAPC calibration faclliity,
Appendlix B discusses the NAPC processing techniques, and Appendix C includes
accuracy estimates for various techniques of flow measuremont using turbine
flowmeters.

Throughout the paper the application of the turbine flowmeter is
restricted to the use experienced at NAPC. At NAPC, the flow rate of hydro-
carbon fluilds (specifically JP-4, JP-5, JP-9, and RJ-4 fuels) is measured.
Water flow is also measured, but with less required precision. Stoddard
solvent (Mil 7024C), and blends with hydraulic fluid (Mil 5606), or synthetic
oil (M1l 23699) are used in the calibration facility to provide a range of
L viscosity at ambient temperatures to simulate the viscositles at the extremes

. of temperatures used for test cell running. Viscosities from .8 to 40
f ( centistokes are the extremes encountered when running JP-4 fuel at 120°F
L (499C) or JP-9 fuel at ~400F (-400C), respectively.
|

- — T g -

: Flowmeter sizes in use at NAPC range from 3/8 inch (AN 06) to two inches
; 17 (AN 32) with flow ranges from .05 to 225 gallons per minute (20 to 85500

3 pounds per hour). In some engine applications, more than one size flowmeter
is used to cover the full flow range.

Most of the material included 1s available in the references. Flowmeter
;} manufacturers should be consulted for special applications ormeter design,
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DISCUSSION

A, FLOWMETER MECHANICS

The flowmeter that isreferenced throughout this document 1s the
turbine flowmeter., There are several manufacturers of turbine flowmeters
with basically the same designs, They consist of a body, rotor, support
bearings for the rotor, 1lnlet straightening vanes, and an electrical
plckoff, ¥igure 1 1s a disassembly of a typical, extended range meter,

Each manufacturer uses different designs of the rotor blade shape,
to provide a maximum linear reglon of flow. Complexity of shape, manu-
facturing costs, and response characterisvics are traded to obtain the
best resulis.

Bearing materials and design are tailored for varfous applications
from water to acldic or corresive fluids. Brass or graphite journal bear-
ings, or stainless gteel or carbon ball bearings may be used, depending
on the application. To measure hydrocarbon fluid flow, stainless steel
ball bearing flowmeters are used.

Pickoffs are of two designs, the magnetic type and the reluctance coil
type referred to as an rf plckoff. Inltially permanent magnet plckoffs
were used to detect rotor passage and generate an electrical signal propor-
tional to flow rate., The magnetic pickoff generates a drag on the rotor
that decreases the low flow capability of a flowmeter. A reluctance
plckoff was designed using a coll driven by a high frequency. Rotor
passage modulates the frequency to provide a signal proportional to flow
rate. The reluctance type of pickoff generates no drag on the rotor
elemant and can be ugsed at lower flow rates.

B, RESPONSFE CHARACTLRISTICS

. Rotor shape, bearing and plckoff type influence the response charac-
teristics of a turblpne flowmeter. TFor a given fluld, increased drag, due to
bearing friccion and magnetic force fron the pickoff-rotor interaction,
decreases the linear range of a flowmeter. To raeduce the drag, stalnless
steel ball bearings and reluctance type pickeffs are used to provide the
best range for the hydrocarbon fuels used in gas turbine engines. Tigure 2
1llustrates the effecta ot d1ckoff and bearing type on rotor drag. As the
fluld flow decreases, there 1s less force svailable to turn the rotor and
the retarding forcea have a greater effect.

Rotor shape can be changed to affect the shape of the curve. A
rotor can be made that is more efficient in the transition reglion between
laminar and turbulent flow resulting in a curve shape as seen in Filgure 3.
In general,any flow, retarding mechanism results in a decrease iIn cycles
per gallon output at low flows, where the fluid forces are low, The
larger the retarding force (more magnetic drag or higher viscosity) the
greater the decrease in cycles per gallon output, Viscosity is grouped

into this category since incressed viscosity causes a greater rcotarding
force.

. - .- - - - A—— . mF rigeyYE

e e At . e i s A et St inm




NAPC-MS-34

Flgure 4 indicates the change in flowmeter response due to
changes 1In viscosity for a single meter. The top curve inthe plot is
for fluid flow with a viscosity of 1.21 centistokes. It is approximately
linear with flow rate. The other curves, with viscosities of 10.2 and
14,1 centistokes, become non-linear at lower flow rates.

The varlous changes in response characteristics are tallored to
provide the most linear flowmeter response. The mechanical aspects,
bearings, pilckoff, and rotor design, then become constant for a partic-
ular meter. The output signal from a meter, a series of pulses, 1is a
function of fluld flow rate. After investigating meter response and
fluid characteristics, the response is seen to be a function of Reynold's
number. Good correlation over a wide range shows that:

fo = f(Re)

where: fo = output frequency (Hertz)
Re = Reynold's No.

Reynold's number is a dimensionless parameter defined to he:

Re = VDp
U
where: p = fluid density
V = fluid velocity
D = pilpe diameter
1 = absolute viscosity

kinematic viscosity v is defined as:
v =u/p

then Re = VD
Y

For a given flowmeter the dilameter and other mechanical charac-
terigtics are constant. So that:

fo = £(V/v)

The output frequency is affected by increasing viscosity hecause
of an increased retarding torque on the rotor. At low flow rates there is
insufficient {luld energy to overcome the viscous forces and the response
of the mater become: non~linear. Increased viscosity alse changes the
inlet velocity profile to the meter.

To characterize a flowmeter over a wlde range of operation, 1t
18 nacessary to use viscoslty as a normalizing factor. This technique,
called the universal curve, is based on pulsea per gallon correlated with
frequency (Hertz) divided by vigcosity (centistokes). Frequency can be
measured and 13 the signal produced by the pickoff on the flowmeter. TFrom
the calibration of the flowmeter and a known viscosity, flow ratc can be
dotermined.

n A g S e
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Figure 5 presents the universal curve of the data shown in Figurc 4
corrected for viscosity. By using this technique a flowmeter can be
characterized by a single curve over a wide range of operation.

From the discussion of response characteristics It must be stressed
that the turbine flowmeter is a volumetric device. 1In application it is
used to measure mass flow in pounds per hour. The converslon from volume to
mass flow 1s done using the specific gravity of the fluid belnp measured at
the temperature encountered during the engine test. Initlally calibrations
were provided on the fuels to be used at the temperatures that were expected
to be encountered, Figure 6 shows the results of three calibrations dis-
played in mass flow units for typical fuels and temperatures. The data
points in Figure 6 are mass flow calculated from the data presented in
Figures 4 and 5. The technique of mass flow calibration is adequate if it
can be guaranteed that the meter will be used on a fluld having the same
specific gravity as the calibration. If it does not, the ncurve 1s shifted
proportionally to the change in specific gravity.

c. INSTALLATION REQUIREMENTS

The response characteristics can be improved by proper installation
of the flowmeter. TFor best accuracy the flow should be uniform at the
entrance to the flowmeter. To cstablish a uniform flow, 1t is recommended
that at least ten diameters of stralght pipe be installed upstream of the
flowmeter., To prevent interaction from downstream effects, five dlameters
of straight pipe are recommended dowmstream, It 1s not alwavs possible to
calibrate the flowmeters in the configuration te be used durilng the engine
tegst. By meeting these minimum straight pipe requirements in both test and

calibration, satisfactory results can be obtalned without using the test-
installed configuration.

Another requirement for installation is the measurement of the
temperature of the fluid, especlally 1if mass flow is required. If large
temperature differences exist between the temperature measurement station and
the flowmeter, some technique should be used to acquire temperature at the
meter. A suitable technique 1s to measure temperature both upstream and
downstream and use an average to obtailn temperature at the flowmeter. Tt
should be noted that a thermocouple probe into the flow stream should be
a minimum of ten diameters upstream or five diameters downstream. To insurc

temperature uniformity, insulation may be used to prevent temperature changes
over the measuring section.

D. CALIBRATION

A flowmeter 18 a volumetrlic device and the objective of calibration
1s to determine the response characteristics when provided with a known
flow rate. The response can be shown to be:

fo = f(V/v)

[} SCoacttl v o - ey Tl Iy
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where: fo = output frequency
V = flow rate
v = visgcosity

During caldibration a fluld 1s used with constant viscosity over
the calibration run so that:

fo = £(V)

and, in calibratiomn, the flow rate is known so that the response charac-
teristics can be established. In application the flow rate is the required
parameter so

V = f(fo) or
V= £(fo/v)
is used for a wide range of flow and viscositiles.

A discussion and derivation of this relationship 1s provided In the
section on Response Characteristics and in references (1) through (8).

During calibration, the flow is varled such that the flowmeter
produces 200 to 2000 Hz, and data relating frequency output to flow rate inm
obtained. The range of 200 to 2000 Hz is typically the linear range of an
rf type flowmeter aund is the area of highest accuracy. To provide data for
a wlde range of applicatlona, several fluids of different viscositiea are
used for calibrations. . The data can then be combined into a single function
that defines the range of flowmeter operation.

To provide a calibration for a flowmeier, a constant flow rate is
required. Several techniques are currently used to satisfy the requirements.
Basically, a known volume or mass is passed through the meter. Pulses from
the meter and the time required to flow the knewnt volume or mass through
the meter are measured. References (7} through (10) discuss in detail
various calibration techniques. The principal alternatives currently in use
are welgh-time techniques and ballistic techniques.

The weilgh-time technique consists of cstablishing a flow rate
through the flowmeter and then measuring the time it takes to flow a apecific
welight of fluld. The result 1s a correlation of frequency output to pounds
per hour flow rate. Temperature and specific gravity are the critical
parameters in the conversions back to volumetric flow. If the data is not
converted to volumetric, results similar to Figure 6 will be obtained if
several fluids are used,

The ballistic technique consilsts of measuring the time required to
flow a known volume. Flow rate 1s established just prior to the measurement.
Temperature 18 required in this technique for viscosity correlation. The
data 18 reported in volumetric form. The technlque used at NAPC 1s the
hallistic technique and 1t 18 discussed in Appendix A.

SNy
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A third technique may be used with a resultant greater uncertainty.

Two flowmeters, one with known characteristics may be piped together, in
series with a pump, A comparison between the known flowmeter and unknown
meter wlll characterize the unknown flowmeter.

E. DATA ACQUISITION

In applicetions at NaPC, data is acquired through a computer con-
trolled data acquisiton system., The computer processes the data on-linc
and provides the capability of using curve flt data to generate englneering
unitg from the frequency of the turbine flowmeter. Several parameters are
required to determine the fuel flow in pounds per hour units., The calibra-
tion data 18 given as a function of volume flow and viscosity, and the

parameters required for conversion to mass flow are specific gravity and
vigcosity.

For best accuracy, it 1s required to know speocific gravity and
vigcosity for the speclfic fuel used, since they vary from batch to batch.
At NAPC, prior to test, a fuel sample from the batch of fuel to be used
during engine testing 1s analyzed for its characteristic properties
of specific gravity and viscosity., Viscoslty 1s measured at three tempera-
tures and a set of coefficlents 1ls generated to curve fit viscosity against
temperature., Specific gravity 1s measured at 60°F (15.6°C), This esgtab-
lighes one of a family of curves of specific gravity versus temperature.
This famlly of curves all have equal slope.

During testing, a measurement of fluld temperature at the flow-
meter 18 used to determine viscosity and specific gravity., TFlowmeter
frequency output is also measured. The conversion process uses frequency
and viscoslty to extract volumetric flow rate from the calibration curve
and gpecific gravity is used to convert to mass flow rate.

Temperature is a critical parameter in the determination of mase
flow rate, The conversion from volumetric flow to mass flow is a function
of apecific gravity and specific gravity 1s a function of temperature. TFor
hydtocarbon 1iquids, the function is such that an uncertalnty of 1°F in
temperature produces a .05% uncertainty in specific gravity. Temperature
measurements are made using thermocouples. The uncertainty for Z-type
thermocouples (Chromel-Constantan) is +3°F which corresponds to a +.15%
uncertainty idn gpecifle gravity. The specifie gravity uncertainty directly
relates to an equal uncertainty in mass flow.

Another problem associlated with temperature measurement and, hence,
adding to mass flow uncertainty, 1s the difference in temperaturc between
the measuring point and the flowmeter. For sccurate converglon, the
temprrature at the flowmeter must be known.

Although viscosity 1s also temperature dependent, It Is not as
senditive to temperature changes as specific gravity, for typlcal tempera-
tures encountered in test cells. At extremes of temperature, particularly
-300F (-340C) and helow, viscoslty changey more rapidly with temperature and
becomes a critlcal paramcter.
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The final data acquired is the frequency output ol the turbine
flowmeter. The use of reluctance (rf type pickoffs) and the instrumenta-
E tion that 19 assoclated with their use, provides an excellent signal
' for measuremant. The signal is typicecally a 5 volt square wave, that can
be measured with a frequency counter or frequency to DC converter. The
accuracy of measvred results is dependent on the Lechnique chosen.

The method used at NAPC for steady state measurcment is ro count
pulses of the signal as well as pulses from a srable clock signal for a
predetermined perlod of time and ratio the two results for a very accurate '
frequency measurement. This frequency 1s acquired directly by the
compyuter,

: For transient (time varying) data acquisition the frequency from
the flowmeter is converted to an analog voltage level proportional to the
frequency using a frequency to DC converter., The analog voltage level is
then acquired by the computer through an analog to digital converter.
This wmethod 1s less precise than the steady-state method.

For control room monitoring, the frequency output of the flowmeter
can be displayed on a variable time base frequency counter. This 1s the
least precise method of measurement in use at NAPC.

F. DATA PROCESSING

During the development of the NAPC fluid flow measurcment technique,
many areas have been addressed. The most significant 1s the data processing.
Originally each flow calibration was treated separately. Since hoth the
calibration and the measured parameter were based on welght, a scparate
calibration for each specific gravity to be encountered had to be kept.
. In the investigation of techniques to provide the capability of measuring
N fuel flows at elevated temperatures, fluid substitution was considered for
! the calibration., It was found, subsequently, that good correlation could
| be obtained if a function based on volume was used. This section of the
report discusses the process of developing the current technique, the
various data acquisition techniques avallable, and accuracles associated
with them,

Initially, flowmeter calibration was done using the liquid that i
would be used in application and calibrating the meter using pounds as a
correlation factor. This tectnique was required because of the limited

L range of the flowmeter and an inability to correlate more than one calibra-

tion at different temperatures to a single curve. TFor extreme temperatures

the meters were calibrated at those temperatures, curves were developed,

. and in applicaton, hopefully, the meters were used at those tempecratures.
Figure 6 shows the effects of changing fluids und temperatures on weight
calibrations. Problems and expense were incurred to run the extreme tempera-
tures. Typically =300F (-340C) and ~600F (-50°C) were required. Running
these temperatures required refrigeration and a great deal of time for

’- stabllization. Lines in the calibration system frosted resulting in condensa-

tion and moisture problems in the flow bench.
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The other extreme of temperature,above 1009F (380C),1s above the flash
point of the fuels. The calibration system used was vented to the atmosphere
and demanded caution in running. An additional problem was found with
higher temperatures, Almost as fast as the calibration was run, the fluid
was changing density. The light hydrocarbons were evaporated out. If
speciflec gravity measurements were not made before and after the calibratilon,
no correlatlion could be obtained on similar calibrations made several days
apart.

The requirement. to run calibrations at temperatures up to 2000F (930C)
led to investigatlions that showed the only way to run the calibration with the
welgh -time gsystem was to locally heat the fuel at the flowmeter and cool 1t
before it got back to the calibration bench, The heating and cooling rogquire-~
ments were unrealistic for the highest flow rates. It was declided to look
for other techniques for flow correlation.

Discussions with flowmeter manufacturers indicated that a single
curve for a flowmeter could be obtained using volumetric parameters and
the single curve would cover the extended range. The curve is called the
universal curve and 1s normalized by including viscosity ir the function,
See the section on Response Characteristies for detalled discussion.

Calibration data, when not processed as pounds per hour, was pro-
cessed as pulses (meter output) per gallon and correlated with frequency
(Hertz or cycles per second). The universal curve is a plot of cycles per
gallon against frequeucy divided by viscosity. An investigation into the
technique indicated that indeed good correlation could be obtained. However,
some caution 1s required,

Flgure 4 dlsplays the meter output function (cycles per gallon)
rlotted against frequency. Figure 5 displays the same data normalized by
using frequency divided by viscosity as the X-axis. This 1is the universal
curve,

In the section on Response Characteristics of a flowmeter it was
stated that increasing viscosity decreases the rotor rotation rate because
of increased drag forcns. TFluild flow rate combines with this effect. At
low [low rates there is less force avallable to turn the rotor, so, for a
glven fluld there is a low frequency limit. 1low rates below the limit
produce a non-linear response that tails away from the universal curve.
The data iu these regions is repeatable and valid and can be used in applica-
tion, 1f the application fluid duplicates the viscosity of the calibration
fluid. Tnhe frequency of the low end cutoff is dependent on meter size, and
is lower for larger flowmeters.

After confirming that the universal curve was a valid technique,
application work was stavted. There had been little or no problem In
curve-fitting data for a single fluid calibration. However, when more
viscosities were added and the response became more non-linear the

polynomial curve fits previcusly used were inadequate to describe the function.

Several transformations of the data were attempted to find a function that was
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suitable. Historically the cycles per gallon function was used because
it could be manually plotted to show error or data deviation with high
resolution, Computer data anlysis does not have that limitation and
therefore gallons per minute divided by viscosity as a function of
frequency divided by viscosity proved to be the best transformatiom.
Figures 7a and 7b show the results of this transformation, Tigure 7b
1s shown with linear scales and 7a has logarithmic scales which more
evenly spreads the data. The data typilcally will fit a first degrec
curve with less than 1% deviation,and a sixth degree polynominal is
sufficlent to fit the data to less than +.05% deviation,

A least squares polynomial fit 1s used to generate cocfficients
to characterize the data. Other curve-fitting methods and transformations
will be investigated in the future.

The data acquisition system at NAPC 1s such that the polynomial
is used at run time to calculate fuel flow from the frequency and tempera-
ture information from the flowmeter. The temperature isused to calculate
fluid density and viscosity and to calculate and correct for the flowmeter
expansion. The on-line processing capability providesmaximum accuracy,
whercas less sophisticated techniques are adequate but less precise. (See
Appendix C for further dlucussion.)

To provide the best flow data it 1s necessary to know where the
meter 1s operating on the universal curve. Therefore, 1f a counter is
used to acquire frequency information, data on fluld flow may be pre-
determined for particular frequencies if the fluid remains at a known
temperature throughout the run. Specific gravity and viscosity are then
constant, a specific section of the curve can be predetermined and a time
base constant set into the frequency counter. The accuracy of the on-line
data 1s dependent on the temperature of the fluld and how close that
temperature 1s to the predetermined value.

The critical parameter in fluid flow measurement is temperature.
Differences 1ntemperature of +3°F affect specific gravity by +.15% of
point. Error in pounds per hour fuel flow is affected directly by this
percentage, Viscosity is also affected by temperature: however, it is
not as stralghtforward to predict the effect of temperature differences
on the result, For standard fuels, JP-4 and JP-5, generally therc is a
large tolerance to changes in fuel temperature. A 200F (10°C) change in
‘temperature affects the viscosity approximately one centistoke or less at

temperatures above 200F (-7°9C). A one centistoke change does not
alter the section of the universal curve to be used by a significant

amount. For some of the newer fuels, RJ-4 and JP-9, that have higher
viscosities,a similar change In temperature can result in a 5 to 10
centistoke change that does change the area of operation. 1In addition to
shifting the section of the curve used, the higher viscosities contribute
to the non-linearity of the meter and it becomes important to locate the
area of the curve to be used. The restraint of temperature imposed by
specific gravity 1s the most critical.
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Appendix B provides detailed information on the processing used at
NAPC. From batch information on the fluid to be used in testing, cocffi-
clents are established that characterize specific gravity and viscosity.
Given a temperature at run time the specific gravity cquation is entered

to get specific gravity at run temperature. The equation for specific
gravity was developed empirfcally from the ASTM table (Reference (11)).

The run temperature is also used in the Walther equation to find viscoslity.
The Walther equation is from ASTM (Reference (12)). The final correction

1s for change of size of the flowmeter for extreme temperatures. The
contribution is very small for temperatures from 40°F (5°C) to 809F (27°¢G),
and 18 based solely on metal expansion (See Appendix B)
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TABLE OF SYMBOLS

(1) u - Absolute Viscosity pound/second-inch

(2) v - Kinematic Viscosity inch?/second

3) ¢ - Fluid Demsity in pound mass/inch

(4) D - Pipe Diameter in inches

TN = LR

(5) fo - Output Frequency in llertz (Hz)

f
i

) (6) Re ~ Reynold's number q
(7) V - Fluld Velocity in inch/second .
f (8) cSts ~ Centistokes g
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ITEM | DESCRIPTION qQryY

CONNECTOR
PICKOFF
LOCKNUT
RETAINING RING,
SUPPORT
BODY
SUPPORT( DOWNSTREAM)
CONE
RETAINING RING,

- BEARING
BEARING
ROTOR
SHAFT
SUPPORT(UPSTREAM)
SPACER

— et nd
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s - Fiaure 1. complete Disassembly of the 3/4-inch through 2-inch
/- Standard Line Turbine Flowmeter (Ball Bearing)

Courtesy Flow Technology, Inc., 4250 E. Brodway Road
Phoenix, AZ
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Figure 2. Rasponse Characteistics with Increasing Rotor Tornue
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Figre. 4. Response Charactaristics for One Meter to Three Viscosities
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¢ Figure 7a. Responsa Characteristics Atter Transformation to Naw Farametars
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APPENDIX A

FLOW CALIBRATTON FACILITY AT NAPC

The flow calibration facility at NAPC consists of a ballistic flow
calibrator. The unit was manufactured by Flow Technology, Inc. and has
been In use since May of 1978, The ballistic flow calibration tech-~
nique consists of pushing a piston down a precisely bored cylinder. The
plston pushes 1liquid through the turbine flowmeter with the flow rate
controlled by throttling valves downstream of the flowmeter. A precisc
volume 1s determined by using pickoffs, similar to the turbine flowmeter
pickoffs, placed on the cylinder to detect plston passage. Typically
a palr of pickoffs, one tostart and one to stop, is used to control the
meagurement cycle. The number of pulses from the flowmeter and from a
stable clock are counted over the measurement cycle. Volume is preset
into the machine, Data output on the console is frequency, gallons per
minute flow rate, and cycles per gallon (calculated from the pulse rate,
time and volume information acquired by the electronics).

Calibration data consists of the data from the console as well as
temperature of the fluid, The temperature of the fluid is used to
calculate the viscosity at run temperature.

To establish a complete curve for the flowmeter, a series of fluids
are used that have viscosities from approximately one to 30 centistokes,
The fluids used are Stoddard solvent (Mil 7024C) with a viscosity of
1 centistoke, hydraulic fluid (Mil 5606) with a viscosity of 20 centistoke
and lubricating oil (Mil 23699) with a viscosity of 50 centistokes.

Blends produce viscosities in between the pure fluids.

In order to provide on~line information on the viscosities, a
viscometer has been added to the calibration facility. Calibration at
two temperatures are run and the data included on the data sheet.

Tuture plans for the facllity include a rcal-time data analysils and
data acquisltion capability. Currently the data is acquired manually
for one flowmeter at a time although typically two flowmeters are idnstalled.
Data 1s keypunched to cards, and then batch processed on the computer.
A data curve fit and unalysis routine 1s then used to determine data
validity. Typically 1t takes two to three days for a data validity
check. With real~time capability any problem encountered could be
corrected immediately.

A history of all calibrations for each flowmeter is retained so that
as calibrations are added to the curve fit polynomials become more representn-

tive of the flowmater performance.

Figure A~1 is a plcture of a Balllstic Flowmeter Calibrator, courtesy
of Flow Technology, Inc.

A-1
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APPENDIX B

NAPC FUEL FLOW DATA PROCESSING

Figure B-1 {8 a nalibration data sheet. Two sets of viscosity
and temperature information, together with the temperature of the
individual calibration points,are used to calculate visgcosity at the
calibration point. The other data is read from the ballistic calibrator
console. It includes frequency (Hz), flow rate in gallons per minute
(GPM), and a flow constent in cycles per gallon (CPG).

A. The processing used to reduce the ralibration data is:
1. Convert measured temperature (CF) to absolute (YR)
Ty = To + 459.69
2. a. Characteristic viscosity coefficlents (A and B) for
the fluid batch are calculated from the temperature-viscosity information
(V(n) and T(n)]:
Z(n) = V() + .74+ C-D+E
where:!
C = EXP(~-1.14883 - 2,65868 x V(n))
D = EXP(~0.00381308 - 12.564V(n))
E = EXP (5.46491 - 37.6289V(n))
and the expression:
log log Z(n) = A-B log T(n)
ia evaluated for the points to obtain the coefficients A
and B. The process used is a least squares curve fit on a first degreec

equation,

b. The viscoslty at the calibration temperature is then
calculated by solving for Z in:

log log 2 = A-B log T

and evaluating:

v = Z1 - exp(~.7487 - 3,295(21) + .6119(z1)% - .3193(z1)3)
where 21 = (Z ~ .7) and v = the viscosity

The calculations [or viscogity are the Walther Equations

from reference (1) and the Response Characteristics are from references
(2) and (3).
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‘ 3. The Calibration data is then converted to frequency divided
}. by viscosity (Hz/v) and gallons per minute divided by viscosity (GPM/v).

. The log of this data, Hz/v and GPM/v, is curve fit using the least i
squares technique for a sixth degree equation. If the root mean square
of the deviation and maximum deviation does not exceed .25% of full
scale, the data 18 consldered aczeptable. As other viscosities are used
In calibration, the data, if acceptable, is combined and coefficients are
generated for the total da.a set.

B. When a flowmeter i1s to be used, viscousity and specific gravity
information is acquired for the batch of fuel to be used. The viscoaity
} data is processed to obtain characteristic viascosity coefficients in the
L game mannar that was used for the calibration data. Trom the temperature
' at test time the same technique as was used for the calibration data ias
used to caleulate test viscosity. Then:

Hz/v = Hz % viscosity.

The polynomial, derived from the calibration data is evaluated
to find GPM/v. Then:

GPM = GPM/v x viscosity

A correction factor 1s used to compensate for flowmeter expansion
due to temperature.

GPM/porr = GPM (1 + .000025 x (T¢-70)
where Tg = Temperature of the fuel
{ Fuel flow in pounds per hour is calculated by: G
-{ PPH = 60 % 8,3372 x SGt x GPM/corr
i

where 60 = conversion from minutes to hours

8.3372 = Pounds (mass) of water at 60°T (15.6°C)
" reference point for specific gravity

! 8Gt = Specific gravity at fuel temperature

4 The specific gravity at temperature 18 fouud by the function: : }
. X = SGB - .8 Y = TB - 25. :
o Al = -.48812E~1-(.341198E-2%Y) + (.661208E-5%Y*Y)

f" A2 = —.76068E+1 +(.191023%-1%V) + (.66630L--4RYHY) j
(, A3 = .217558E+2 +(.258318%Y) — (.147465%-2%7*Y) i
| B = (Al + (A2%X) + (A3*K*X)) + (4.24203) * ,0001 @

. SGT = SGB + B * (TB-T)
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where

SGB = the Specific Gravity of the Batch at the
temperature “IB" (supplied hy MS533 engineer)

SGT = Specific Gravity of the fuel at temperature
"7 for the measurement
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APPENDIX C

ACCURACY ESTIMATES

Using the processing discussed in Appendix B, NAPC predicts accuracies

of:

PARAMETER RANGE RESOLUTION PRECISION B1AS UNCERTAINTY
Tuel Flow: (pph) (pph) (pph) (pph) (pph)
3/8-2.5 1000 <.,5 .8 .57 2.17
3/8-5 2000 <1 1.5 1 4
1/2-10 4000 <2 2.5 2 7
5/8=-15 6000 3 3.5 3 10
3/4-25 10000 <5 5 5 15
1-50 20000 <10 10 10 30
1%-75 30000 <15 15 15 45
135-125 50000 <25 25 25 75
2-225 90000 <45 45 45 135

NOTE: The parameter name (le. 3/8-2.5) consists of the flowmeter size
(3/8) and its approximate maximum flow rate (2.5 gallons per
minute).

In applications where less sophisticated data acquisition systems
are used, less accuracy will be realized. The extent of the inaccuracy
will be dependent on many variables.

The intent of the following paragraphs is to summarize data acquisi-
tion techniques and indicate areas of improvement or items that require
particular attention to obtain the best accuracy.

The simplest data acquisition system conglsts of a counter for
frequency measurement and some form of temperature measurement. Tempera-
ture is required to convert the gallons output of the meter to pounds.

The flowmeter manufacturer provides a 'K' factor with the meter expressed
in cycles per gallon. A frequency measurement divided by the 'K' factor
provides a gallon per second number. It is important to note the viscosity
of the fluid in this application. The 'K' factor 1s usually provided

for a viscosity near 1 centistoke where the meter has its widest linear
range. If fluids with viscositles greater than one are tv be measured,

the linear range of the flowmeter becomes smaller using the fueit. JP-5 at
temperatures below 50°F (10°C) greatly reduces the linear range. Inaccurac-
ies of over 10% are not uncommon with this type applicatin.

A simple technique to improve the accuracy for these applications is
to use the actual universal curve and estimate the are: chat will be used
when running the higher viscosity fluids. The bett.'r the estimate the
better the accuracy.

Specific gravity determination establishes the accuracy for the pounds
per hour data. Specific gravity is very sensitive to temperature. In
order to acquire pounds per hour to the highest accuracy, specific gravity




NAPC-MS~34

at the fuel temperature iy required. If a predetermined value is used, the
closer the preselected temperature to the actual run temperature the higher
the accuracy. A 3°9F difference in temperature generates a 0.15% difference
in pounds per hour measurement,

' Fuel Batch information 18 used at WAPC for highest accuracy since 1t
P was found that fuels vary from batch to batch by significant amounts.

i In one experiment with JP-4 fuel, a 0,57 variation was noted in specific
. gravity after a portion of the batch was elevated in temperature. It is
& speculated that some of the lighter hydrocarbons boiled off, raising

i the denslty. Tt should also be noted that f£luid specifications allow

(U varlations in specific gravity, viscosity, and other characteristic
properties that can lead to errors if not taken into consideration.
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